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Abstract 


The  Interplay  of  colllsional  and  collisionless  phenomena  In  the 
interaction  of  a  magnetoplasma  streaming  through  neutral  gas  produces  some  of 
the  most  fascinating  plasma  physics  phenomena.  A  key  notion  controlling  such 
Interactions  is  the  existence  of  a  •'critical  velocity**  (u|)  effect  postulated 
in  an  ad  hoc  fashion  by  Alfven,  in  his  model  of  the  formation  of  the  solar 
system.  According  to  Alfven's  postulate,  whenever  the  relative  velocity 
between  a  neutral  gas  and  a  streaming  magnetoplasma  exceeds  a  value 
Uy  s  (v2E^H,j  where  is  the  ionization  energy  and  M  the  mass  of  the 
neutral  atoms,  rapid  ionization  and  anomalous  momentum  coupling  occurs. 

Guided  by  recent  laboratory  and  space  experiments  and  plasma  physics  theory  we 
present  the  basic  plasma  physics  underlying  the  interaction.  This  is  followed 
by  a  discussion  of  its  relevance  to  the  formation  of  the  solar  system  and 
cometary  tails,  its  controlling  effect  on  plasma  centrifuges  and  homopolar 
generators,  and  the  fascinating  possibility  that  critical  velocity  phenomena 
are  controlling  the  space  shuttle  environment,  transforming  it  into  an 
artificial  comet. 
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1.  A  Historical  Prospective: 

The  critical  ionization  velocity  (CIV)  concept  was  introduced  by  Aflven 

in  a  highly  inspired  fashion  as  a  hypothesis.  The  CIV  hypothesis  stated  that, 

if  the  the  streaming  velocity  U  between  a  neutral  gas  and  a  magnetized  plasma 

2Ei  1/2 

exceeds  a  critical  value  Uc  defined  as  Uc  =  [-jp]  »  i»«. 

U  >  U  (1) 

—  c 

where  E^  is  the  ionization  energy  and  M  the  mass  of  neutrals,  we  have  the 
following  phenomena: 

(1)  Abrupt  Increase  in  ionization 

(li)  Strong  momentum  coupling  between  the  gas  and  the  plasma 

(iii)  The  velocity  U  quickly  approaches  Uc 

The  idea  was  based  on  a  simple  energy  balance.  Namely,  a  neutral  atom  ionized 

and  stopped  by  the  plasma  releases  enough  energy  to  ionize  another  atom.  The 

condition  0  >_  Uc  for  CIV  phenomena  is  equivalent  to  the  energy  balance 

argument ,  -i-  MU2  >  Et ,  mentioned  above.  The  CIV  hypothesis  was  the 

cornerstone  of  Alfven's  theory^  for  the  formation  of  secondary  bodies  around  a 

central  body  in  solar  systems.  This  theory,  known  as  hetegonic  theory  from 

the  Greek  (companion)  and  (formation),  deals  with  the  formation  of 

the  planets  (i.e.  companion  bodies)  around  the  Sun,  satellite  systems  around 

magnetized  planets  (i.e.  Jupiter  and  its  satellites,  Saturn  and  its 

satellites)  e.t.c..  By  noting  that  the  most  abundant  elements  in  the  solar 

system  fall  in  three  bands  of  critical  ionization  velocities  (Fig.  1),  one  for 

U  .  «  5-7  one  for  U  ,  ■  13-16  and  one  for 

cl  sec  c2  sec 

0  -  ■  35-40  ^2—,  Alfven^»3  predicted  that  there  will  be  three  discrete  bands 

C3  MC 

of  satellites  as  a  function  of  distance  from  the  central  body.  To  reach  this 
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conclusion  he  postulated  the  following  sequence  of  events.  A  neutral  cloud 

falling  towards  a  central  body  accelerates  due  to  the  gravity  (Fig.  2).  When 

its  velocity  reaches  Uc,,  which  corresponds  to  a  radius  R,  away  from  the 

GM  M  MIT 

central  body  given  by  the  relationship  -^c  -  ■,  where  G  and  Mc  are  the 

gravitational  constant  and  mass  of  the  central  body,  the  CIV  phenomenon  occurs 

and  a  fraction  of  the  neutral  gas  is  ionized  and  trapped  by  the  magnetic  field 

in  a  zone  about  R^ .  The  plasma  emplaced  in  that  region  subsequently  accretes 

forming  the  secondary  bodies  (i.e.  planets  or  satellites).  The  non-lonlzed 

GM  .  , 

paift  of  the  gas  continues  falling  till  a  radius  R«  <  R,  where  - —  ■  U  _  at 

*•  1  R-  2  c2 

which  point  plasma  emplacement  and  subsequent  accretion  form  a  second  band  of 

secondary  bodies.  In  a  similar  fashion  a  third  band  of  secondary  bodies  forms 

at  a  distance  R^.  The  relationship  between  the  radius  Rj,  j  ■  1-3,  and  Ucj 

M 

becomes  clearer  by  using  the  specific  gravitational  potential  T  =  We 

j  Rj 


then  have  the  relationship 


2GI\j  -  (2) 

To  demonstrate  such  a  relationship  for  solar  system  Alfven1--*  presented  in 
addition  to  Fig.  1,  the  diagram  of  Fig.  3  which,  "with  some  imagination",  can 
be  construed  as  consistent  with  his  hypothesis. 

The  CIV  suggestion  caused  an  immediate  and  rather  justified  controversy 
given  its  empirical  and  intuitive  approach  as  well  as  the  many  puzzles  raised 
in  view  of  the  rather  uniform  element  abundance  in  the  secondary  bodies.  The 
process  was  even  thought  to  be  energetically  impossible  since  the  available 
free  energy  for  ionization  is  the  energy  at  the  center  of  mass  systam.  The 
conventional  wisdom  at  the  time  dictated  that  ion-neutral  collisions  was  the 
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only  means  of  energy  and  momentum  transfer;  therefore  the  available  free 
energy  E  of  the  system  was  bounded  by 

i  MM  oi  o 

E-l*u  <iV  <3> 

n 

where  Mq  Is  the  mass  of  the  neutrals. 

2.  Laboratory  Search  for  CIV: 

Unexpected  support  for  the  CIV  hypothesis  came  In  the  early  sixties^-*® 

from  experiments  on  rotating  plasmas  whose  archetype  model  Is  the  homopolar 

ExB 

generator  (Fig.  4).  Fast  — =—  rotation  was  required  for  three  diverse 

T 

purposes.  Energy  storage^-®  plasma  confinement^  and  chemical  element  and 

Isotope  separation®.  All  these  experiments  were  plagued  by  limitations  on  the 

discharge  voltage,  which  controlled  the  rotation  speed.  It  was  found  that 

over  two  orders  of  magnitude  In  discharge  current  and  three  In  neutral 

pressure  the  discharge  voltage  was  clamped  so  that  the  value  of  the  drift 
£ 

—  ■  U£.  This  Is  shown  graphically  in  Fig.  5.  These  results  prompted  a 
series  of  experiments  with  coaxial  gunu^”**  in  the  1970' s.  The  results 
demonstrated  rather  conclusively  the  CIV  hypothesis  and  gave  us  a  variety  a 
clues  concerning  the  physical  processes  involved.  Fig.  6a  shows  the  coaxial 
gun  configuration  and  the  experimental  results  of  Danielson^  which  are  rather 
typical  of  this  set  of  experiments.  It  is  worth  noting  that  the  measurements 
Indicated 

(I)  The  presence  of  energetic  (80-100  eV)  electrons 

(II)  Electrostatic  turbulence  In  the  lower  hybrid  (<»yj)  range 

(ill)  Momentum  coupling  length  L  «  r^  where  r^  the  ion  gyroradius, 

1 
B 


with  L 


(Fig.  6b)  scaling 


Physical  Foundations  of  CIV: 


The  above  experimental  results  coupled  with  major  advances  in  our 
understanding  of  the  non-linear  plasma  processes  in  the  lower  hybrid 
range^**^  brought  us  to  a  new  plateau  in  understanding  the  physics  of  CIV. 

The  presence  of  energetic  electrons  led  to  the  resolution  of  the  free  energy 
puzzle  above.  The  energy  transfer  goes  from  the  newly  born  ions  to  electrons 
so  that  the  center  of  mass  energy  is  basically  equal  to  the  laboratory 
energy.  The  collisionless  scale  for  energy  transfer  L  <  r^  and  the  presence 
of  lower  hybrid  turbulence  led  to  the  search  for  collective  plasma  processes 
with  scale  lengths  shorter  than  r^  (i.e.  unmagnetized  ions)  and  frequency 

1  IT  1  A 

Wjjj.  The  following  physical  picture  has  emerged .  Consider  a  neutral  gas 

flowing  across  a  magnetized  plasma  with  velocity  U.  Associated  with  it  is  a 

small  fraction  of  ionization  constituting  a  small  ion  beam  of  density  ng 

streaming  through  the  magnetized  plasma  (Fig.  7).  The  small  fractional 

ionization  can  be  due  to  charge  exchange,  photolnlzation  or  Impact 

ionization.  Its  level  is  of  no  importance  and  is  similar  to  the  assumption  of 

a  free  electron  in  avalanche  ionization,  or  of  background  noise  in  plasma 

instability  calculations.  If  a  collisionless  plasma  instability  can  transfer 

1  2 

energy  from  the  ion  beam  (i.e.  free-energy  y  ngMU  )  to  electrons  with  energy 
above  E^  on  a  time  scale  faster  than  ionization,  a  discharge  (i.e.  avalanche 
ionization)  becomes  possible.  An  energy  flow  diagram  appears  in  Fig.  8. 
is  the  efficiency  of  energy  transfer  from  the  ion  beam  to  electrons;  is 
the  fraction  of  energy  transferred  to  hot  electrons  (by  "hot  electrons"  we 
define  here  electrons  with  energy  above  E^) ;  is  the  fraction  of  the  hot 
electrons  that  make  ionizing  collisions  before  they  leave  the  system. 
Evaluation  of  nj,  ,  03  is  a  plasma  physics  problem  and  their  determination 
depends  on  the  particular  system  under  consideration.  We  will  discuss  a 
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specific  example  In  the  next  section.  On  the  basis  of  Fig.  8  and  with  the 
definitions  of  tij,  r»2 »  ^3  given  above  we  can  use  energy  arguments  to  refine 
Alfven's  CIV  criterion.  The  rate  of  free  energy  available  for  collisionless 
energy  transfer  is  given  by 


dn  .  2 

F1  “  <dtT>  1  ™  (4) 


dn 

where  is  the  ionization  rate.  The  rate  of  free  e-  gy  available  for 

at 

ionization  is 


P2  -  V2n3  Ft 


The  rate  at  which  energy  is  consumed  in  ionization  is 


dns 

F3  “  <dtT>  Ei 


A  discharge  is  energetically  possible  only  if 


(5) 


(6) 


F2  >  F3  (7) 

From  (4)~(7)  it  is  easy  to  derive  the  energetically  necessary  condition  for 
CIV  as 


0  > 


1 

tnln2n31 


T7? 


u 

c 


(8) 


I 

I 

We  recover  condition  (1)  if  ni  “  n2  *  n3  *  i,e*  a^-  the  ^ree  ener8y  goes 
to  electrons  with  energy  above  that  stay  long  enough  in  the  system  to 
produce  ionizing  collisions. 

4.  The  Plasma  Physics  of  CIV: 

Taking  advantage  of  the  fact  that  for  most  systems  of  interest  the  plasma 
time  scales  (which  in  our  case  turn  out  to  be  of  the  order  ai^)  are  much 
shorter  than  ionization  time  scales,  we  can  use  a  multiple  time  scale  approach 
to  the  problem,  freezing  the  ionization  time  scale  and  addressing  the  energy 
transfer  problem  from  the  newly  born  ions  to  ionizing  electrons  as  a  non¬ 
linear  plasma  problem  under  homogeneous  space  time  plasma  conditions.  The 
velocity  distribution  of  the  system  is  shown  in  Fig.  7,  and  the  key  plasma 
physics  question  is  the  determination  of  n^,  n2,  n^.  n3  depends  critically 
on  the  finite  system  size,  formation  of  sheaths  e.t.c.  A  generic  form  of  n3 
is 


n3  -  1  -  exp(-v1xc)  (9) 

where  is  the  rate  of  ionization  and  xc  the  confinement  time  of  the  "hot" 
electrons.  For  v^tc  »  1,  which  is  a  modified  form  of  the  Townsend 
condition,  n3  *  1.  This  is  the  case  we  will  address  here.  Notice  that  our 
treatment  is  easily  generalized  to  the  case  where  V^TC  >  1>  since  in  this 
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The  values  of  and  ri2  aTe  also  a  function  of  the  collislonallty  and  the 

other  parameters  of  the  system  and  should  be  determined  on  a  case  by  case 
basis.  As  a  generic  example  of  the  type  of  considerations  that  should  be 
followed  we  will  use  the  analogy  of  the  collective  Interactions  expected  for 
the  configuration  of  Fig.  7  with  the  classical  electron  beam  plasma 
Instability  theory  to  determine  rij  and  r>2 *  For  the  electrostatic  case, 
which  implies  U  <  vA  where  vA  the  Alfven  speed,  the  dispersion  relation  Is 


a  uk 


U)  (~) 

e  k 


(<d-k*U)' 


2  2 
u>,  u 

+  —  m  1  +  — 

2  n2 

u)  Q 

e 


(11a) 


s  1 

where  a  -  — .  Eq.  (11a)  has  been  derived  for  r  <  —  <  r.  ,  0.  <  ui  <  Ji  and 

n  exile 

o 

cold  electrons  and  ions**-  .  Eq.  (11a)  can  be  written  as 


2 

a  \h 

(w-k^D)* 


Mkz 

“LH(1  +  m  ,2* 

+  - 1 


(lib) 


which  demonstrates  the  analogy  with  the  standard  electron-electron  two  stream 
Instability.  The  non-llnear  saturation  of  electron  beam  plasma  Instabilities 
In  the  absence  of  strong  turbulence  effects  ,  has  been  discussed  on  the  basis 
of  quaslllnear  theory^®  or  cold  coherent  beam  plasma  theory^.  We  follow  here 
the  quaslllnear  analysis  as  presented  in  ref.  15-18.  Notice,  that  the  more 
exact  analysis  along  the  negative  energy  wave  cold  beam  plasma  theory  Is  more 
complex^  and  produces  small  variation  over  the  quaslllnear  result.  It  was 

noted  by  Formisano  et  al.^  and  Galeev^,  that  If  the  instability  stabilizes 

1  2 
by  forming  a  plateau  (Fig.  9a)  y  of  its  energy  stays  in  the  ions,  while  y  Is 

2  17 

available  for  electron  heating  so  that  -  y.  Papadopoulos  ,19  carried  a 
quaslllnear  analysis  of  the  electron  energy  transfer.  It  was  found  that 
electron  tails  are  formed  in  the  direction  parallel  to  the  magnetic  field 
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1  j  12 

(Fig.  9b)  with  a  lower  energy  given  by  y  MU4  and  an  upper  energy  6  y  MU  . 
The  electron  energy  perpendicular  to  the  field  la  an  adiabatic  Invariant. 
Therefore 

Jf  v2fT(v) 

n - £ -  (12a) 

J  f/3U.  2.  ,  . 

Ju  dv  v  fT(v) 

Taking  fT(v)  as  a  plateau  we  find  that 

i  U  3 

n3  "  1  ^372  ^  '  (12b) 

2 

From  eqs.  (8)  and  (12b),  with  ■  1  and  ■  y,  we  can  easily  recover  the 
result  of  refs.  21,  22,  l.e. 

,  1/2 

0  >  (y>  Uc  (13) 

as  the  CIV  condition.  A  more  detained  theory  Including  slowing  down  due  to 
momentum  coupling  as  well  as  the  role  of  collislonallty  and  beam  temperature 
on  the  colllslonles8  transfer  will  appear  elsewhere^. 

While  this  physical  picture  can  account  for  bulk  coupling  In  gas  plasma 
Interactions  and  for  the  coaxial  gun  experiments,  a  variation  seems  more 
appropriate  for  Ionizing  fronts^  such  as  the  ones  formed  In  rotating 
plasmas.  For  plasma  density  gradient  In  the  front  with  <  r^,  an 
electron  drift  develops  such  as  shown  In  Fig.  10a.  This  can  drive  either 
the  modified  two  stream  or  the  lower  hybrid  drift  instability,  resulting  in 
generation  of  hot  electrons.  The  flow  diagram  of  the  process  Is  shown  In 
Fig.  10b,  and  results  In  a  criterion  of  the  type  given  by  (13).  A  detained 
analysis  of  this  case  is  In  progress. 
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From  the  above  considerations  the  signatures  of  CIV  are: 

(I)  Energetic  electron  tails  and  hot  ions 

(II)  Electrostatic  waves  in  the  lower  hybrid  range 
(ill)  Light  emission. 

In  addition  to  these  we  expect  that  the  presence  of  energetic  electrons  will 
produce  electrostatic  wave  signatures  near  the  plasma  and  upper  hybrid 
frequency,  and  electromagnetic  whistler  waves.  The  latter  waves  will  be 
produced  by  the  energetic  electrons  which  isotropize  by  emitting  whistlers. 

5.  CIV  in  Space: 

Evidence  of  CIV  occurring  in  space  is  quite  indirect  due  to  the  absence 
of  experiments  with  in  situ  measurements.  We  briefly  comment  below  on  two 
situations.  The  first  is  an  active  ionospheric  experiment  discussed  by 
Haerendel^.  An  explosive  Ba  release  from  a  rocket  generated  a  gas  jet  with 

i__  Irtn 

velocity  6-10  -  in  the  ionosphere  (U_  for  Ba  is  5  - ) .  The  altitude  of 

sec  c  sec 

the  gas  Injection  was  well  in  the  earth's  UV  shadow,  about  100  km  below  the  UV 
terminator.  For  optical  diagnostics  sunlight  is  needed,  but  should  be 
suppressed  as  a  competing  process  to  CIV.  Thus  the  shaped  charge  was  ignited 
in  the  earth' 8  shadow  and  observed  at  the  terminator  which  was  illuminated. 

Any  ionization  produced  at  this  time  would  appear  in  a  sunlight  as  a  field 
aligned  streak  of  Ba*,  which  after  correction  for  the  plasma  drift,  passes 
through  the  explosion  point.  The  results  indicated  that  over  30Z  of  the  Be* 
cloud  was  ionized  very  near  the  injection  point,  before  photonlzatlon  becomes 
effective  and  with  an  upper  limit  of  1Z  on  the  thermal  ionization  due  to  the 
explosion  (Fig.  11).  The  value  of  30Z  was  consistent  with  the  fraction  of  Ba 
neutrals  expected  to  have  velocity  perpendicular  to  the  magnetic  field  above 


Oc.  CIV  was  invoked  as  Che  most  probable  cause  for  the  anomalous 
Ionization. 

The  second  situation  comes  from  cometary  physics.  When  a  comet  enters 
the  solar  system  sunlight  generates  a  neutral  gas  environment  around  the 
cometary  nucleus.  The  solar  wind  streaming  across  the  comet  generates  the 
classic  neutral  gas  streaming  plasma  situation  expected  for  CIV  phenomena.  In 
fact  an  anomalous  ionization  process  is  required  to  account  for  the  observed 
formation  of  the  cometary  tails  and  the  subsequent  momentum  coupling  to  the 
solar  wind,  and  even  the  formation  of  cometary  bow  shocks. 

Unexpected  evidence  for  CIV  came  from  the  recent  flights  of  the  space 
shuttle  in  a  fashion  that  has  raised  the  fascinating  possibility  that  the 
space  shuttle  itself  is  an  artificial  comet.  We  discuss  this  next. 


6.  Is  the  Space  Shuttle  an  Artificial  Comet? 

The  possibility  that  the  space  shuttle  can  produce  phenomena  similar  to 
the  ones  expected  in  CIV  and  the  interaction  of  comets  with  the  solar  wind ,  is 
due  to  the  following  observation.  When  the  tall  of  the  space  shuttle  is 
ramming  across  the  ionosphere  the  neutral  density  is  seen  to  increase  by 
10^-10^  times  over  the  ambient.  The  cause  is  a  combination  of  stagnation 
point  effects,  outgasslng  and  surface  gas  emissions.  Therefore,  the  space 
shuttle  surrounded  by  its  own  atmosphere  is  moving  across  the  ionospheric 

kn 

plasma  at  the  orbital  velocity  (~  8  - ) .  The  plasma  environment  around  the 

shi  ->s  measured  by  many  instruments^-^.  A  summary  of  the  observations 

1  5) 

The  plasma  density  (n)  in  ths  vicinity  of  the  orbitsr  mss  often 
found  several  times  and  up  to  an  order  or  magnitude  higher  than 


1 

the  ambient  plasma  density  (nQ).  It  is  like  an  ionized  cloud 
surrounding  selective  areas  of  spacecraft; 

(ii)  Energetic  (10-100  eV)  electron  fluxes  up  to  lO^el/cm^sec  were 
measured,  with  the  maximum  occurring  during  daytime  conditions; 

(ill)  Ion  fluxes  with  energies  of  up  to  30  eV  were  observed,  sometimes 
coincident  with  single  or  counter-streaming  ion  beams  with  10  eV 
mean  energy; 

(iv)  In  addition  to  0+,  N0+  and  0^.  H20+  which  is  not  an  ionospheric 
specie  was  observed,  being  on  occasion  the  dominant  species; 

(v)  An  intense  electrostatic  broadband  noise  between  low  and  high 
frequency  cutoffs  at  30  Hz  and  20  kHz  (i.e.  around  the  lower 
hybrid  frequency  with  shuttle  motion  Doppler  shift)  was  observed, 
as  well  as  plasma  and  whistler  waves; 

(vi)  A  gas  layer  of  up  to  10“^  torr  was  associated  with  surfaces 
ramming  into  atmospheric  gases.  Large  pressure  Increases  were 
observed  during  thruster  operations  and  with  payload  bay  doors 
closed; 

(vli)  Most  of  the  plasma  phenomena  were  intensified  during  daytime 
conditions  and  during  thruster  operations. 

Associated  with  these  plasma  phenomena  was  an  Intense  glow^l*^  on  the 
surface.  While  the  source  of  the  glow  and  its  potential  analogy  to  the 
cometary  glow  is  fascinating,  it  could  also  impose  a  major  constraint  in  the 
utility  of  optical  and  Infrared  telescopes  from  the  shuttle  and  other  orbiting 
platforms.  The  similarity  of  the  above  signatures  with  the  signatures 
expected  from  CIV  theory  and  experiments  lead  Papadopoulos^»l9  to  consider 
the  shuttle  as  providing  a  rather  definitive  observation  of  CIV  in  space.  We 
should,  however,  note  that  there  is  a  difficulty  with  this  Interpretation. 
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The  Uc  for  0,  N2  and  C02  is  12.8,  9.3  and  9.0  while  the  shuttle  moves 
with  8  ■—£.  The  resolution  to  this  problem^  is  that  the  discharge  is  not 
self  sustained  without  additional  free  energy  sources.  In  ref.  17,19  such 
sources  were  identified  as  charge  exchange  and  plasma  reflection  from  the 
shuttle  tail.  Modest  values  of  these  effects  allow  the  discharge  around  the 
shuttle  to  be  maintained  in  a  wet  woodburner  fashion.  A  detained  study  of 
the  fascinating  possibility  that  the  space  shuttle  behaves  as  a  comet  is 
presently  under  study. 

7.  Summary  and  Conclusions: 

I  have  presented  a  summary  of  the  modern  understanding  of  CIV  phenomena 
in  the  interaction  of  a  magnetoplasma  streaming  through  a  neutral  gas.  It  is 
obvious  that  while  experimental  and  theoretical  understanding  has  reached  a 
new  plateau  many  issues  remain  to  be  resolved.  Some  key  problems  are  related 
to  the  CIV  in  multispecie  situations,  the  spatial  development  of  the  neutral 
gas  plasma  interactions  and  the  role  of  lnhomogenelties,  low  density  neutral 
gas  situations  where  v^,  <  high  speed  flows  with  u  >  vA  etc.  The 
universal  role  of  the  neutral  gas  plasma  Interactions  in  both  laboratory  and 
cosmlcal  plasma  warrants  a  higher  level  of  attention  than  it  has  been  given 
today.  While  the  interdisciplinary  character  of  the  problem  has  probably 
discouraged  the  Involvement  of  younger  researchers,  the  richness  of  phenomena 
Involved  in  the  Interplay  of  colllslonal  and  collisionless  interactions 
presents  many  Intellectual  challenges  and  most  probably  a  wealth  of 
fascinating  physical  phenomena  and  potential  applications  in  the  coming  years. 
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Figure  1 


Figure  2 

Figure  3 

Figure  4 
Figure  5 


Figure  6 


Figure  7 

Figure  8 
Figure  9 


Figure  Captions 

Critical  ionization  velocity  and  ionization  potential  of  the  moat 
abundant  elements.  The  left  hand  ordinate  shows  values  of  the 
gravitational  potential  energy  and  the  right  values  of  Uc.  (ref. 
2) 

Schematic  of  plasma  emplacement  from  a  neutral  cloud  falling 
towards  a  magnetized  central  body. 

Gravitational  potential  energy  as  a  function  of  the  mass  of  the 
central  body  for  the  planetary  and  satellite  systems  (ref.  2). 
Rotating  plasma  in  a  homopolar  configuration,  (ref.  4) 

Evidence  for  CIV  in  homopolar  configurations  (ref.  4) 

(a)  Voltage  limitation  as  a  function  of  B  for  various  neutral 
pressures,  showing  dependence. 

(b)  Limiting  voltage  V^  vs  B  for  various  species  (0,D,H). 

(c)  Uc  vs  applied  current  for  seven  gases. 

(a)  Coaxial  gun  configuration. 

(b)  Momentum  coupling  length  for  He  in  Danielson's 

experiment  (ref.  9).  The  front  of  the  cloud  was  located 
at  z  -  -5  cm. 

(c)  Initial  vs  final  velocity  for  Hydrogen  (ref.  9). 

Neutral  gas  streaming  through  plasma  and  cross-field  seed  ion 
beam  plasma  velocity  configuration. 

Energy  flow  feedback  for  CIV. 

(a)  Seed  ion  beam  quasilinear  relaxation  via  plateau  formation. 

(b)  Quasilinear  electron  tall  formation  parallel  to  B. 
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Figure  10 

Figure  11 

Figure  12 

Figure  13 
Figure  14 

Figure  15 


(a)  Cross-field  electron  current  generation  for  an  ionizing 
front^. 

(b)  Feedback  diagram  for  Ionizing  fronts^. 

Situation  of  Hearendel ' Ba  jet  experiment.  The  CIV 
Ionization,  is  termed  as  initial  Ionization,  moved  along  B  and 
was  secmg  at  the  terminator. 

(a)  Typical  ambient  ionospheric  electrons  fluxes  . 

(b)  Enhanced  electron  fluxes  around  the  shuttle. 

Spectrum  of  lower  hybrid  waves  near  the  shuttle^. 

Enhancement  of  electrostatic  (kHz)  waves  during  thruster 
29 

operation  . 

Shuttle  glow  in  the  spacecraft  tail  under  RAM  conditions^. 
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